The Gurson-Tvergaard-Needleman model was employed to predict the bursting behaviour in the hydroforming of aluminium alloy tubes. The original void volume fraction, the critical void volume fraction, and the failure void volume fraction of this model were identified by observing the damage evolution of the tensile test of 5A02 aluminium alloy with scanning electron microscopy (SEM). The other parameters of Gurson-Tvergaard-Needleman model were determined by an inverse approach which combined the uniaxial tensile test and numerical simulation. The bursting behaviour in the hydroforming of 5A02 aluminium alloy tube with different bulging length was studied by free-bulging tests and simulation based on this model. The simulation results give a good agreement with the experimentally determined bursting pressures.
Introduction
Hydroforming of tube is an attractive near-net shape manufacturing technique as it can produce low weight, high strength and uniform parts while eliminating traditional stamping and welding operation. The development of hydroforming technology has led to a wide range of application in industry, especially for manufacturing highquality lightweight components for the automobile, aviation, and aerospace industry (Yuan et al., 2011) .
Compared to quality steel tubes, aluminium alloy tubes are less formable. The necking criterion based on plastic instability may not predict the forming limit in a wide range of hydroforming processes. Especially, in case of aluminium alloys, the bursting failure is often observed without appearance of clear localized necking or thinning due to the low ductility (Kim et al., 2003) . In general, a frequently used technique for evaluating busting failure in sheet metal forming is the forming limit diagram. However, the forming limit diagram suffers from some wellknown weaknesses. It is definitely dependent on the forming history and strain path so it can not be used to predict the formability limit in tube hydroforming, which subjects to a complicated stress state (Stoughton et al., 2004) . Micromechanics have been extensively used in order to analyze and predict ductile fracture by modelling void nucleation, growth and coalescence. Gurson-Tvergaard-Needleman approach is one of well-known microscale models for ductile fracture which is extensively used for different materials and processes (Tvergaard et al., 1984) . In this paper, the Gurson-Tvergaard-Needleman model was employed to analyze bursting behaviour in aluminium alloy tube hydroforming. 
Nomenclature
where V eq is the von Mises equivalent stress, V y is the yield stress of the matrix, V H is the hydrostatic stress, and f is the volume fraction of the voids in the material. Tvergaard introduced three calibration parameters (q 1 q 2 and q 3 ) into the model to adjust it to unit cell computations. The effective void volume fraction f * was proposed by Tvergaard and Needleman to account for the onset of void coalescence:
where f c is the critical value of void volume fraction at the onset of void coalescence and the final void volume fraction f F is its value at final failure. The evolution of the void volume fraction is expressed as the sum of void growth and nucleation:
The growth rate of voids is proportional to the hydrostatic component of the plastic strain rate, p kk H , as follows:
The contribution resulting from the nucleation of new voids is assumed to be plastic strain-controlled:
where f N is the volume fraction of void nucleating particles, H N is the mean strain for nucleation, s N is the standard deviation of H N , assuming a normal distribution in the damage model, H P is the von Mises plastic strain, and,
Determination of the Gurson-Tvergaard-Needleman damage model parameters

Material properties
The tube material was 5A02 (China) with 30mm diameter and 1.5mm thickness. To determine the mechanical properties of the tube, tensile specimens were cut from the tube. The chemical composition and material properties of the 5A02 aluminium alloy are presented in Tables 1 and 2 , respectively. Material properties are as follows: yield stress V s is 88.1 MPa, tensile strength V b is 204 MPa, the work hardening exponent n is 0.32, elongation rate G is 22.98%. The work hardening law is expressed n KH V , where K is the strength coefficient. 
Parameter identification
According to the plastic constitutive equation mentioned in the last section, nine parameters require to be identified in Gurson-Tvergaard-Needleman model:
The model coefficients proposed by Tvergaard and Needleman to amplify the hydrostatic stress effect for all strain levels are q 1 and q 2 , with a reasonable constant value for metals of q 1 = 1~1.5 q 2 = 1.0 and 2 3 1. In the present work, we assume q 1 =1.5, Ductile fracture occurs sequentially through void nucleation, growth, and coalescence. With increasing load, the interface between D grains matrix and E particles serves as the preferable position for micro-crack nucleation and further ductile fracture. Fig. 3 presents the SEM image showing the coalescence of voids. When load increases to about 3kN, the displacement reaches 8 mm, the material carrying capacity loses quickly as some connected void bands form. Similarly, f c is identified by area ratio and equal to 0.0196.
In the final stage of the fracture, the coalescence of voids for an increasing plastic deformation progressively reduces the material capability to support the mechanical loads up to complete failure. When displacement reaches 8.8mm, fracture occurs. The void volume fraction f F is evaluated as 0.0363. Fig.4 presents the fracture surface, it can be seen that mainly secondary voids were found in the fracture surface. simulations of uniaxial tensile test were firstly conducted. The finite element analysis code ABAQUS 6.8 is employed. In the FE model, the specimen is modeled with solid elements (C3D8R, eight-node brick element with reduced integration). Fig.5 and Fig.6 are comparisons of the load-displacement curve and the stress-strain curve, which obtained from experiment and simulation results with best-fit parameters. The best-fit parameters for Gurson-Tvergaard-Needleman model of 5A02 are specified in Table 3 . Fig.7 shows the main parts of the experimental setup. Both of upper and lower dies consist of two parts, so the bulging length can be adjusted, the bulging length is illustrated in Fig.7 . Internal pressure is only applied to the tube specimen with this setup and it is bulged freely. In the experiment, the initial length of the tube is 200mm, and the bulging length is set at 30mm, 60mm, and 90mm, respectively. Fig.8 shows the experimental results when the tube is bursting with the different bulging length, in which the bursting pressure is 28.7MPa, 24.34MPa, and 22.81MPa, respectively.
Bursting prediction of free-bulging aluminium alloy tube
FEM simulations based on the Gurson-Tvergaard-Needleman model were carried out in order to examine the experimental results, in which parameters of the Gurson-Tvergaard-Needleman model are selected as Table 3 . In the FE model, only half part of the tube is actually analyzed due to symmetry of the problem, as shown in Fig.9 . The die and punches are assumed rigid and modelled as discrete rigid surfaces, while the tube is modelled with 18090 S4R shell elements. Contact between the tube and die is modelled using a penalty-based contact algorithm and the coefficient of friction of 0.1 is applied to the contact surface. Bulging length Fig.10 presents the porosity history of the element at the pole of the tube. It can be seen from the figure that the porosities are small before the pressure reaches 20MPa. It can be noticed that under the same internal pressure, a larger porosity at the pole of the tube with a longer bulging length. As demonstrated in the figure, a longer bulging length will accelerate damage development and ductile fracture. When the pressure reaches 22.35MPa, 25.5MPa and 27.9MPa with the bulging length of 90mm, 60mm, and 30mm, the porosity at the pole of the tube reaches the failure porosity F f =0.0363, which indicates that bursting failure has happened. It can also be seen that the pressure for void coalescence is close to final ductile fracture. Compared with the corresponding experimental results, the errors of predicted bursting pressure based on GTN model are 2.05%, 4.43%, and 2.87%, respectively. 2) The predicted bursting pressures of free-bulging 5A02 aluminium alloy tubes based on the Gurson-TvergaardNeedleman model show a good agreement with the experimental results. The maximum error is less than 5%.
